Treatment of etiolated pea (Pisum sativum L.) internode tissue with ethylene gas inhibits elongation and induces lateral expansion. Precise kinetics of the induction of this altered mode of gro4vth of excised internode segments were recorded using a double laser optical monitoring device. Inhibition of elongation and promotion of lateral expansion began after about 1 hour of treatment and achieved a maximum by 3 hours. Similar induction kinetics were observed after treating internodes with coichicine and 2,6-dichlorobenzonitrile, an inhibitor of cellulose synthesis. In sealed flask experiments, ethylene had no detectable effect on incorporation of label from '4Cqglucose into any of the classical pectin, hemicellulose, or cellulose wall fractions. Ethylene inhibited fresh weight increase (total cell expansion) of both excised internode segments (in sealed flasks) and intact seedlings. Ethylene treatment resulted in an increase in cell sap osmolality in those tissues (intact and excised) which are inhibited by the ps. A model for ethylene-induced inhibition of elonption and induction of lateral expansion is presented.
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Ethylene inhibits elongation and induces lateral expansion of etiolated pea internode tissue (2, 3) . Ethylene is thought to affect the mode of growth by altering microtubule and cellulose microfibril orientation (1, 9, 12, 21, 26) . Colchicine and other agents which affect microtubule and microfibril orientation also inhibit elongation and induce lateral expansion (6) . DCB3, a specific inhibitor of cellulose synthesis (14) , induces lateral expansion in soybean tissue (30) . Coumarin, a less specific inhibitor of cellulose synthesis, has been shown to induce lateral expansion in several kinds of tissues (7, 10) .
Although the inhibition kinetics of elongation with ethylene treatment have been studied in detail (16) , only recently have methods been developed for accurate measurement oflateral cell expansion (18, 27) . We report for the first time induction kinetics for the inhibition of elongation and promotion of lateral expansion for excised internode segments treated with ethylene, colchicine, and DCB. We also report on the effects of these treatments on the incorporation of label from [ (27) . The measuring system was calibrated with a micrometer and the magnifications (x 118 for length and 598 for diameter) were found to be constant within the range used for these experiments. The SD among replicate experiments averaged less than 10% of the increase in growth of the segments. The tissue chamber and the mechanical lever system of the LOLA were enclosed in a sealed Plexiglas box with a volume of approximately 300 L. The atmosphere within this box was constantly circulated. The tissue segment in the LOLA chamber is constantly bathed in the buffered sucrose medium. Therefore, a relatively high concentration of ethylene (100 Ml/l) was used to insure adequate diffusion of the gas through the liquid medium and into the tissue.
For cell wall composition studies, internode sections ( Kinetics of the induction of the inhibition of elongation and the stimulation of lateral expansion of pea internode segments by DCB (2 mg/i) following a 1-h preincubation. Length and width increases were measured using the LOLA system described by Taiz and Metraux (27) . expansion and contraction ( Fig. 2) . We are unable to account for this unexpected pattern. However, nearly all segments tested showed such a regular pattern of change similar to that shown in Figure 2 , which represents an averaged curve. Ethylene treatment resulted in a constant, linear increase in width after 1 h of treatment. Again, colchicine treatment resulted in similar lateral expansion kinetics. DCB, a specific inhibitor of cellulose synthesis (14) , produced results similar to those seen with ethylene and colchicine with respect to the magnitude and overall kinetics of inhibition of elongation and induction of lateral cell expansion (Fig. 3 ).
The striking similarities among the effects of ethylene, DCB, and colchicine on cell expansion are probably not due to the latter agents inducing increasing ethylene synthesis by the tissue. Neither DCB nor colchicine significantly affected the rate of ethylene synthesis ofexcised internode segments (the atmosphere of sealed flasks was sampled after 5 and 18 h). In addition, the presence of inhibitors of ethylene biosynthesis (5 MM CoCl2 or 0.1 mm aminoethyoxyvinylglycine) did not alter the effect of these agents on the elongation growth or fresh weight increase of the tissue.
If the data for the control of ethylene-treated segments from Figures 1 and 2 are replotted as the natural log, it is possible to directly compare the relative growth rates of elongation and lateral growth (Fig. 4) . Growth of the control is highly polarized (anisotropic) throughout the course ofthe experiment; elongation exceeds lateral expansion. However, with ethylene treatment growth became isotropic (the relative rate of lateral expansion equals the relative rate of elongation) after about 4 h.
The effects of ethylene on incorporation of label from [14C] glucose into various wall fractions is shown in Table I . Ethylene had no significant effect on incorporation of label into the cytoplasmic fraction or any cell wall fraction analyzed after 5 h of incubation. The 5-h time point was selected because by that time ethylene is known to have affected the microfibril orientation of the cell wall ( 12) and the growth of the tissue is strongly affected by the gas. Likewise, colchicine had no significant effect on these fractions. DCB inhibited incorporation of label into cellulose by about 70%, but had no significant effect on any other fraction. Using the Updegraff method (31) , DCB inhibited incorporation into cellulose 60% after either a 2.5-or 5-h incubation (data not shown).
Ethylene inhibits not only elongation of isolated internode segments, but also inhibits fresh weight increase (Fig. 5) . maximize the total ethylene effect on the tissue and to thus minimize the error associated with unaided measurement of tissue growth. However, it should be noted that accumulation of CO2 and ethylene gas within the sealed flasks may be important in long term experiments of this kind. Likewise, fresh weight increase was inhibited by concentrations in this range. Increases in the swelling ratio (per cent increase fresh weight divided by per cent length increase) can be attributed to the fact that length increase is more strongly inhibited than the fresh weight increase.
In similar experiments, colchicine was found to inhibit elongation but did not affect fresh weight increase (data not presented). The inhibition of fresh weight increase means that ethylene actually inhibits total cell expansion in the tissue, not just elongation growth.
Intact seedlings show a much more rapid response to ethylene ( 11) and even greater inhibition of elongation and fresh weight increase with ethylene treatment (Fig. 6) . The 5-mm region of tissue immediately below the apical hook was marked and the tissue between the marks excised from different seedlings at the various times indicated. With intact seedlings, this tissue is far more responsive to ethylene than adjacent tissue. Ethylene inhibited elongation by about 90% throughout the course of the experiment (Fig. 6A ). The gas inhibited fresh weight increase by about 90% at 30 h, but after that time the rate of fresh weight increase in the presence of ethylene greatly exceeded that of the controls (Fig. 6B) .
Ethylene treatment of pea internode tissues results in higher cell sap osmolality. The most dramatic changes were seen when intact seedlings were treated with gas (Fig. 7) . The first cm of internode tissue immediately below the apical hook showed an increase in osmolality after 2 h of ethylene treatment. By 3 h, the increase represented about a 10% change in osmolality. The fresh weight values are presented in Figure 7 for 1-cm segments cut from the seedlings at the time indicated. Because the segment length is held constant, increases in fresh weight are an indication of lateral expansion by this measure is seen to begin after the increase in cell sap osmolality.
The increase in cell sap osmolality with ethylene treatment of intact seedlings occurs only in that internode tissue which normally undergoes lateral expansion (Fig. 8) . The third internode showed about a 10% increase in osmolality with ethylene treatment, but the second internode, which does not respond to the (Table II) . At this time point, calcium and mannitol were considerably more inhibitory than ethylene with respect to both length and fresh weight increase. In addition, they resulted in the greatest increases in cell sap osmolality. However, there is not a direct correlation between inhibition oftotal cell expansion (fresh weight increase) and increase in cell sap osmolality. Mannitoltreated segments showed the highest osmolality values; these elevated values could be the result of osmoregulation by the tissue. In experiments where ethylene and calcium or ethylene and mannitol were added together, the presence of the gas did not significantly affect length or fresh weight increase or osmolality of the tissue (data not shown). DISCUSSION Ethylene, colchicine, and DCB each affect a different aspect of cell wall synthesis but have essentially the same effect on the mode of expansion in excised pea internode sections. Ethylene treatment results in changes in the wall matrix (13, 29) as well as a reorientation of cellulose microfibrils (1, 9, 12, 21, 26) ; in cortical cells, the predominant orientation of microfibrils changed from transverse to longitudinal after 5 h of treatment (12) . Similar changes were seen in the orientation of wall-associated microtubules (12) . Colchicine is not known to affect the wall matrix, but is generally believed to cause random cellulose deposition because the drug disrupts microtubules (6) . DCB is believed to be a specific inhibitor of cellulose synthesis (14) and has been reported to induce radial cell expansion (30) . Coumarin, a less specific inhibitor of cellulose synthesis (14) , also induces lateral expansion in pea internode segments in a fashion similar to that seen with ethylene (data not shown). Richmond (19) and There are some subtle differences between the induction kinetics seen with ethylene and DCB (Figs. 1-3 ). With DCB, there is no suggestion of change in growth pattern before about 90 min of treatment. However, with ethylene, inhibition of elongation begins after about 1 h. The earlier inhibition by ethylene may represent ethylene-induced alterations in the wall matrix components (29) , which should not be affected by DCB treatment at this time.
KINETICS OF ETHYLENE-INDUCED LATERAL EXPANSION
Nee et al. (16) proposed that the inhibition of elongation by ethylene in isolated stem segments is a three step process: no inhibition during the 1st h, intermediate inhibition during the next 2 h, and full inhibition after 3 h. A pattern of progressive inhibition can be clearly seen in the natural log plot ofelongation (Fig. 4) . This hypothesis is consistent with the following model. During the 1st h, microtubule realignment is initiated and longitudinal microfibrils are beginning to be deposited, but they have no effect on elongation at this time. During the 2nd h, these changes affect the physical properties of the wall and inhibition begins. By the 3rd h, longitudinally oriented cellulose microfibrils dominate the inner 25% of the wall which regulates cell expansion (19, 20) and, as a result, maximum inhibition is seen. These changes in cellulose microfibril orientation, perhaps combined with changes in the wall matrix, would also favor lateral expansion. The idea of a stepwise onset of ethylene-induced inhibition of elongation is supported by ethylene removal studies. If ethylene is removed during the period of intermediate inhibition, the tissue continues to respond at this level (16) . The effects of ethylene on elongation are irreversible after a 4-h treatment (16 (2, 21, 24) , but the inhibition of excised segments has been largely overlooked (4) . In intact seedlings, the dramatic inhibition of total cell expansion during the first 24 h is probably related to changes in the matrix components and not the newly deposited longitudinal cellulose microfibrils. Ethylene has only a slight effect on the total cell expansion of excised sections, but this, too, is probably a result of changes in the matrix, inasmuch as colchicine (which is not known to alter wall composition) does not affect fresh weight increase (total cell expansion).
The increase in cell sap osmolality seen with ethylene treatment is probably directly related to inhibition oftotal cell expansion, although the increase in cell sap osmolality is not proportionate to the inhibition of cell expansion. A rigid wall allows for less water uptake and, therefore, less cell solute dilution. In testing a wide variety of growth inhibitors, including calcium and mannitol, we found that all resulted in higher cell sap osmolality. However, Ridge (21) using a plasmometric method reported that ethylene decreased the osmotic concentration and turgor pressure of pea internode segments. This technique is based on plasmolytic shrinkage of the tissue and is thus affected by changes in the physical properties ofthe cell wall. These results are probably not valid since ethylene treatment has been shown to cause walls to become less extensible (17, 21, 23, 28) .
The differences seen in cell sap osmolality with ethylene treatment of intact seedlings versus excised segments may be related to the different responses seen with the two different test systems. Unlike excised segments, intact seedlings show an inhibition of elongation within 15 min after exposure to ethylene (3, 1 1) and the lateral expansion is of a much greater magnitude (22) . Both of these responses may be the result of ethylene-induced changes in the physical properties of the cell wall combined with the decreased (more negative) osmotic potential and resultant increase in turgor pressure. Plant Physiol. Vol. 73, 1983 Ethylene treatment of excised segments initiates a sequence of events that ultimately alters the mode of cell expansion from a highly polar elongation to a more isodiametric expansion. This alteration of growth pattern has an initial lag period of about 1 h, but the reorganization appears to be completed by 3 h. The initial inhibition of elongation may result from a combination of longitudinally deposited cellulose microfibrils (12) and decreased xyloglucan turnover (29) . The reduction in transverse microfibrils coupled with the increased turgor pressure and longitudinally oriented microfibrils result in lateral cell expansion.
If a primary action of ethylene is to alter the matrix composition of the wall and the orientation of the load bearing cellulose microfibrils, then changes should be detected in the physical properties of the wall at about the time when the changes in the mode of growth occur. The effects of ethylene on longitudinal and lateral extensibility of the cell wall and on proton secretion will be dealt with in the accompanying paper.
